INTRODUCTION
Immunoglobulin E (IgE) plays a crucial role in the pathogenesis of allergic diseases, in which there is a polarization of T-lymphocyte responses towards T helper 2 (Th2) type that produces cytokines such as IL-4 and IL-5 (1) (2) (3) (4) . During the exposure to antigen stimulation, B cells are activated and switched from expressing IgM to other immunoglobulin isotypes through the mechanism of switch recombination (5, 6) . Gene targeting experiments indicate that switch recombination requires the synthesis of specific classes of germline transcripts (7, 8) , which are regulated by promoters located upstream of each switch region (6) . In conjunction with signals that activate B cells, such as CD40 ligand (CD40L), cross-linking of B cell receptors, or LPS stimulation, specific cytokines regulate the activities of germline promoters;
i.e., IL-4, IFN-, and TGF-selectively direct isotype switching in mouse B cells to IgG1 and IgE, to IgG2a, and to IgA and IgG2b, respectively (5, 6 ).
It has recently been shown that IL-21 is a multi-functional cytokine that induces the proliferation of T cells and B cells and differentiation of natural killer cells (9). IL-21 is a
four-helix-bundle type I cytokine with a significant homology to IL-2, IL-15, and IL-4 (9).
IL-21 production is restricted to activated CD4 + T cells (9) and the best stimulation for CD4 + T cells to produce IL-21 is the combination of anti-CD3 and anti-CD28 (9) . The secreted IL-21 enhances IL-2-and IL-15-induced proliferation of T cells (9) . Thus, IL-21 may function as an auto-growth factor for T cells like IL-2. On the other hand, IL-21 regulates B cell proliferation either positively or negatively, depending on the co-stimuli encountered by the B cells (9) .
This observation suggests that signaling through IL-21 receptor may function as a fine regulator of B cell function during immune responses.
IL-21 receptor belongs to class I cytokine receptor family and exhibits amino acid sequence similarity to IL-2 receptor chain and IL-4 receptor chain (9, 10) . More recently, it has been shown that IL-21 utilizes a common cytokine receptor chain ( c) as a receptor component (11) and thus the functional IL-21 receptor is a heterodimer of unique IL-21 receptor and c. However, the role of IL-21 in the regulation of IL-4-mediated immune
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To determine whether IL-21 regulates IL-4-mediated immune responses, we examined the effect of IL-21 on antigen-specific IgE production in vivo. We also examined the effect of IL-21 on IL-4-induced IgE production from B cells and antigen-induced Th2 cell differentiation in vitro. We found that IL-21 downregulated IL-4-dependent IgE production from B cells but did not affect Th2 cell differentiation. We also found that IL-21 inhibited IL-4-induced germline C transcription in B cells without the inhibition of Stat6 activation.
The implications of these findings will be discussed.
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METHODS

Mice and cytokines
BALB/c mice were purchased from Japan SLC (Shizuoka, Japan). Stat6-deficient (Stat6 -/-) mice (12) and ovalbumin (OVA)-specific DO11.10 (DO10 + ) TCR transgenic mice (13) were backcrossed for more than eight generations onto BALB/c mice. All mice were housed in microisolator cages under pathogen-free conditions and all experiments were performed according to the guidelines of Chiba University. Recombinant murine IL-21 and soluble IL-21 receptor (sIL-21R) were purified as described previously (9) . Murine IL-2, IL-4, and IL-12 were purchased from R&D Systems Inc. (Minneapolis, MN).
Effect of IL-21 on antigen-specific IgE, IgG1, and IgG2a production
BALB/c mice (7-8 weeks old) were immunized intraperitoneally twice with 4 µg of ovalbumin (OVA) (Sigma, St. Louis, MO) in 4 mg of aluminum hydroxide at a two-week interval. To examine the effect of IL-21 on antigen-specific immunoglobulin production, these mice were injected intraperitoneally with IL-21 (0.5 µg/mouse) or PBS (as a control) twice a week for 4 weeks, with the first injection being performed 4 hours before the first immunization. The in vivo injection of IL-21 did not affect general condition of mice.
Fourteen days after the second immunization, the titer of anti-OVA IgE antibody in mouse serum was assessed by a 24-hour passive cutaneous anaphylaxis (PCA) reaction as described previously (14) . The amounts of anti-OVA IgG1 and IgG2a in sera were measured by ELISA as described previously (14) .
Antigen-induced airway inflammation
BALB/c mice were immunized with OVA as described above. Fourteen days after the second immunization, the sensitized mice were challenged with inhaled OVA (50 mg/ml in 0.9% saline) for 20 minutes as described previously (15) . As a control, 0.9% saline alone was administered. To examine the effect of IL-21 on antigen-induced eosinophil and lymphocyte recruitment into the airways, the mice were injected with IL-21 (0.5 µg/mouse) twice a week during the immunization period as well as 2 hours before the inhaled OVA challenge and 22
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Antigen-induced cytokine production in splenocyte culture
Splenocytes (1 x 10 6 /ml) from DO10 + mice were stimulated with OVA323-339 peptide (50 µM) in the presence or absence of IL-21 (10 ng/ml) in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 50 µM -mercaptoethanol, 2 mM L-glutamine, and antibiotics (complete RPMI 1640 medium) in triplicate in a 96-well microtiter plate at 37˚C for 72 hours.
As a control, cells were cultured with non-stimulating OVA323-334 peptide (50 µM). The amount of IL-4, IL-5, and IFN-in the culture supernatant was measured by the enzyme immunoassay using murine IL-4, IL-5, and IFN-ELISA kits (PharMingen, San Diego, CA).
The assays were performed in duplicate according to the manufacturer's instruction. The detection limits of these assays were 10 pg/ml of IL-4 and IL-5, and 50 pg/ml of IFN-.
Antigen-induced T cell differentiation
Splenocytes from DO10 + mice were stimulated with OVA323-339 peptide (50 µM) in the presence of IL-21 (10 ng/ml) or sIL-21R (20 µg/ml) in a 24-well microtiter plate at 37˚C for 48
hours. Where indicated, IL-12 (7.5 ng/ml) was added to polarize towards Th1 cells (Th1 condition) and IL-4 (7.5 ng/ml) was added to polarize towards Th2 cells (Th2 condition).
Cells were washed with PBS and cultured for another 3 days in Th0 (non-polarizing), Th1, or Th2 condition in the presence of IL-2 (5 ng/ml). Intracellular cytokine analyses for IL-4
versus IFN-were performed as described previously (16) . 
B cell purification from splenocytes
RT-PCR for germline C , C 1, and C 2a transcripts
Purified splenic B cells from BALB/c mice were stimulated with LPS (10 µg/ml) in the presence of IL-4 (20 ng/ml) and/or IL-21 (10 ng/ml) at 37˚C for 16 hours. Total cellular RNA was prepared using Isogen solution (Nippon Gene, Tokyo, Japan) and RT-PCR for germline C , Suto et al. 8 C 1, and C 2a transcripts was performed as described elsewhere (20, 21) . RT-PCR for -actin mRNA was also performed to control the sample to sample variation in RNA isolation and integrity, RNA input, and reverse transcription. All PCR amplifications were performed at least three times with multiple sets of experimental RNAs.
Immunoblotting
Whole cell extracts were prepared and immunoblottings were performed as described previously (16) . The following antisera were used: anti-phospho-Stat1 (Tyr701) (New England Biolabs Inc, Beverly, MA), anti-phospho-Stat3 (Tyr705) (New England Biolabs), anti -phospho-Stat5 (Tyr694) (New England Biolabs), anti-phospho-Stat6 (Tyr641) (New England Biolabs), anti-mouse Stat6 (M20) (Santa Cruz Biotechnology Inc., Santa Cruz, CA), and anti-Bcl-6 (N3) (Santa Cruz Biotechnology Inc.).
Electrophoretic mobility shift assays (EMSAs)
After splenic B cells were stimulated with LPS (10 µg/ml) and/or IL-21 (10 ng/ml) at 37˚C for 30 minutes, nuclear extracts were prepared as described elsewhere (22) . A NF-B consensus double-stranded oligonucleotide (5'-AGTTGAGGGGACTTTCCCAGGC-3') (Promega Biotech Inc., Madison, WI) was labeled with [ - 
Decay of germline C transcripts
After splenic B cells were cultured with LPS (10 µg/ml) and IL-4 (20 ng/ml) at 37˚C for 15 hours, a transcription inhibitor actinomycin D (10 µg/ml, Calbiochem, La Jolla, CA) was added to the cultures. Cells were then incubated with or without IL-21 (10 ng/ml) at 37˚C for 0, 1, 3, and 5 hours. Total RNA was isolated from 5 x 10 6 cells and the amount of germline C transcripts and -actin was determined by RT-PCR as described above. Consistent with a previous report (25) , no significant loss of cell viability was observed by the trypan blue exclusion method after the incubation.
Data analysis
Data are summarized as mean ± SD. The statistical analysis of the results was performed by the unpaired t-test. p values <0.05 were considered significant. 
IL-21 does not affect IL-4-induced Th2 cell differentiation
It is well known that antigen-specific IgE production from B cells depends on IL-4 from T helper 2 (Th2) cells (4, 5, 26, 27) . We therefore attempted to determine whether IL-21 inhibits Th2 cell differentiation. Splenocytes from ovalbumin-specific T cell receptor (TCR) transgenic mice (DO10 + mice) were stimulated with antigenic OVA peptide (OVA323-339) for Given that activated CD4 + T cells produce IL-21 (9), endogenously-produced IL-21 may be sufficient for optimal T helper cell differentiation. Thus, we next examined the effect of soluble IL-21 receptor (sIL-21R), which neutralizes IL-21 (9), on T helper cell differentiation.
However, the addition of sIL-21R (20 µg/ml) did not affect either Th1 cell or Th2 cell differentiation ( Figure 2B ), indicating that endogenously-produced IL-21 also plays no significant role in the regulation of T helper cell differentiation.
IL-21 inhibits IL-4-induced IgE but not IgG1 production from splenic B cells
Because IL-21 is not crucial for regulating Th2 cell differentiation ( 
IL-21 inhibits IL-4-induced IgE but not IgG1 production at single cell levels
We next examined the effect of IL-21 on IgE production from B cells at single cell levels. For
IL-21 inhibits IL-4-induced germline C transcription in B cells
Switch recombination to a particular isotype is preceded by transcription of the corresponding unrearranged germline transcripts (5, 6) and IL-4 induces transcripts from the unrearranged C genes and directs switching to IgE in LPS-stimulated B cells (26, 27) . Thus, we next examined whether IL-21 inhibits IL-4-induced germline C transcription. In agreement with a previously report (20) 
IL-21 does not inhibit IL-4-induced Stat6 phosphorylation or LPS-induced nuclear accumulation of NF-B
We then examined the effect of IL-21 on IL-4-mediated Stat6 activation, which is known to be essential for germline C transcription and IgE production (12, 20, 28, 29) . When splenic We also examined the possibility that IL-21 inhibits LPS-mediated NF-B activation, which is known to be required for the induction of germline C transcription in LPS/IL-4-stimulated B cells (26, 27) . As reported previously (34, 35) , nuclear accumulation of NF-B was observed in unstimulated splenic B cells ( Figure 6D ) and LPS further increased 
IL-21 does not inhibit Stat6-mediated transcription from core germline C promoter
We next examined the effect of IL-21 on the transcription from germline C promoter using a reporter assay. To perform the assay, we first tried to identify a murine cell line that exhibited IL-21 responsiveness similar to splenic B cells. As shown in Figure 7A To examine the effect of IL-21 on the transcription from the core germline C promoter, -162Luc reporter plasmid (24) , which contains most of the regulatory elements known to be important for germline C transcription (24, 26, 27) 
IL-21 does not accelerate the decay of IL-4-induced germline C transcripts
We found that IL-21 decreased IL-4-induced germline C transcripts in B cells ( Figure 5) but IL-21 did not inhibit the transcription from the core promoter of germline C (Figure 7 ).
These data raised the possibility that IL-21 decreased the stability of germline C transcripts. promoter (20, 24) . Recent studies with Stat6 -/-mice have shown that the Stat6 pathway is the principal signaling pathway for IgE isotype switching in B cells (12, 20, 28, 29) . In addition to germline C transcription, we also found that IL-21 inhibited IL-4-induced expression of CD23 on B cells (data not shown), whose expression is also known to be Stat6-dependent (12, 28) . It is well documented that IL-4 directs isotype switching in mouse B cells not only to IgE but also to IgG1 (5, 6, 26, 27) . However, it has been shown that switching to IgG1 is at most partially reduced in Stat6 -/-mice, whereas switching to IgE is undetectable in Stat6 -/-mice (12, 28, 29, 38) . It has also been shown that IL-4-responsive element of the germline C 1 promoter is less inducible by IL-4 than that of the C promoter, although each promoter contains a binding site for Stat6 (39) . Therefore, it is indicated that these isotypes differ in their dependence on Stat6 signaling. In this regard, we found that, while IL-21 inhibited IgE production from LPS/IL-4-stimulated B cells ( Figure 3A and 4A), IL-21 rather increased IgG1 production from LPS-stimulated B cells ( Figure 4B) . Surprisingly, IL-21-mediated increase of IgG1 production was significantly enhanced in Stat6 -/-mice ( Figure 4B ). Taken together, these results indicate that there is an IL-21-dependent but Stat6-independent pathway for IgG1 production, suggesting that this pathway may be involved in the remaining IgG1 production in Stat6 -/-mice.
While IL-21 increased IgG1 production from LPS-stimulated B cells ( Figure 4B ), IL-21
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